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Abstract: This paper investigates the effects of continuum design domains on the layouts and 
performance of optimal bracing systems for multistory steel building frameworks under lateral loads 
using the performance-based optimization (PBO) technique. In the present method, an unbraced steel 
framework is initially designed for strength using standard steel sections from databases. A continuum 
structure is then structurally added to the framework to stiffen the framework. Based on system 
performance criteria, underutilized finite elements are gradually removed from the continuum design 
domain to obtain optimal bracing systems for the steel framework. The PBO technique is employed to 
generate optimal bracing systems for 12-story steel building frameworks braced with different 
continuum design domains under multiple lateral loads. The performance of optimal bracing systems 
produced is evaluated using a performance index.  
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1 Introduction 
Braced frameworks are efficient lateral load resisting systems for tall steel buildings. Braced 
frameworks reduce the bending effects of beams and columns using truss members such as 
diagonals that absorb the shear. In the absence of an efficient optimization technique, the selection of 
lateral bracing systems for multistory steel building frameworks is usually undertaken by the designer 
based on trial-and-error procedures and previous experience. The optimal topology design of bracing 
systems for  multistory steel building frameworks is a challenging task for the designer because it 
involves a large number of possibilities for the arrangement of bracing members. 
The stiffness-based sizing techniques have been developed for the minimum weight design of lateral 
load resisting systems in multistory steel buildings to satisfy the drift limits by various researchers. 
Baker [1] presented a sizing technique for the design of lateral load resisting systems in multistory 
steel buildings based on the energy method. Zhou and Rozvany [2] proposed an optimality criteria 
method for sizing large structural systems under stress and displacement constraints. Chan et al. [3] 
developed a stiffness-based optimization method for resizing the members of tall steel building 
frameworks with standard steel sections under lateral loads. Kim et al. [4] presented an alternative 
approach to the stiffness design of lateral bracing systems for tall steel building frameworks by 
resizing only the bracing members. However, these sizing techniques only work for the lateral load 
resisting system with a fixed topology.  
Continuum topology optimization has gained popularity in structural optimization in recent years. The 
homogenization-based optimization (HBO) method [5-7] treats the topology optimization problem as a 
material redistribution problem within a fixed continuum design domain. Walther and Mattheck [8] have 
used the Soft Kill Option (SKO) method to find the optimal framework for supporting plate structures in 
construction engineering. Xie and Steven [9,10] developed an evolutionary structural optimization 
(ESO) method based on material removal criteria for topology and shape optimization of continuum 
structures. Mijar et al. [11] presented a continuum topology optimization method based on the Voigt-
Resuss mixing rules for the layout design of bracing systems for multistory steel building frames.  
In this paper, a performance-based optimization (PBO) technique based on system performance 
criteria developed by Liang et al. [12,13] and Liang [14] is used to study the effects of continuum 
design domains on optimal bracing systems for multistory steel building frameworks under multiple 
lateral load cases. In the present method, the unbraced steel framework is initially designed using 
commercial standard steel sections from databases under strength constraints. The optimal topology 
of a bracing system is then produced by gradually removing inefficient materials from a continuum 
design domain, which is used to brace the framework so that the stiffness requirement is satisfied. 
Two design examples are then given to demonstrate the practical application of the proposed method.  
  
2 Optimization problem 
In the present methodology, a continuum design domain under the plane stress condition is used to 
stiffen a multistory steel building framework, which is initially sized using standard steel sections under 
strength constraints. The framework itself is treated as a non-design domain in which beam elements 
are not removed during the optimization process. The optimization problem is to find the optimal 
topology of the continuum design domain, which is used as the bracing system for the multistory steel 
building framework. The design optimization problem can be expressed by 
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where W is the total weight of the continuum design domain, ew is the weight of the eth element, t is 
the thickness of the continuum design domain, Lt is the lower bound on the thickness of plane stress 
elements, Ut  is upper bound on the element thickness, N is the total number of elements, pC  is the 
absolute value of the mean compliance of the braced framework under the load case p, *C  is the 
prescribed limit of pC  and NL is the total number of load cases. The uniform sizing of the thickness of 
the continuum design domain is considered here to simplify the optimization problem. 
3 Element removal criteria 
In the initial continuum design domain, some regions are not efficient in resisting lateral loads. These 
underutilized portions should be removed from the design domain to achieve a minimum weight 
design. The element removal criteria can be derived by undertaking the sensitivity analysis, which is to 
study the effects of element removal on the change of the strain energy of a braced steel framework. 
The sensitivity analysis indicates that the strain energy density of an element can be used to measure 
its contribution to the system performance of a braced framework as reported by Liang and Steven 
[13]. The strain energy density of an element can be calculated by 
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To achieve the optimal bracing system, elements with the lowest strain energy densities should be 
systematically removed from the continuum design domain. The element removal ratio (R) for each 
iteration is defined as the ratio of the number of elements to be removed to the total number of 
elements in the initial continuum design domain. 
4 Performance-based optimality criteria 
In an optimization process, the braced steel building framework is gradually modified by eliminating 
lowly strained elements from the continuum design domain. To obtain an optimal bracing system, the 
performance of resulting bracing systems must be evaluated using performance indices [12-14]. In the 
PBO method, performance-based optimality criteria (PBOC) are the maximization of the performance 
index: 
maximize 
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where 0C  is the absolute value of the strain energy of the initial braced framework under applied 
loads, and iC  is the absolute value of the strain energy of the current braced framework under applied 
loads at the ith iteration, 0W is the weight of initial continuum design domain and iW is the weight of 
the current continuum design domain at the ith iteration. For steel frameworks subjected to multiple 
  
load cases, the performance index of a structure at each iteration can be calculated by using the strain 
energy of the structure under the most critical load case in the optimization process. The PBOC imply 
that the optimal bracing system for the steel framework is obtained when the product of its as sociated 
strain energy and material consumption is a minimum.  
5 Design optimization procedure 
The design optimization process is generally iterative in nature in order to obtain a sound optimal 
design, and is divided into two main stages. In the first stage, the structural analysis of the unbraced 
framework is carried out and the members are then sized by using commercial standard steel sections 
from databases for stress constraints. In the second stage, a repeated cycle of finite element analysis, 
element removal and performance evolution is undertaken for the braced framework until the optimum 
is obtained. The design optimization procedure is summarized as follows: 
1. Model the unbraced framework with beam elements. 
2. Analyze the unbraced framework. 
3. Size the members of the framework using standard steel sections based on strength criteria. 
4. Add a continuum design domain to the framework. 
5. Analysis the braced framework. 
6. Calculate element strain energy densities. 
7. Remove a small number of elements with the lowest strain energies from the design domain. 
8. Repeat 5 to 7 until the performance index is less then unity. 
 
In order to obtain a smooth solution, only a small number of elements with the lowest strain energy 
densities are deleted from the continuum design domain in an optimization process. Due to the effect 
of the thickness of the continuum design domain, the lateral drift constraints might not be active when 
the performance of the braced framework is maximized. To deal with this problem, a trial procedure 
may be applied to selecting an approximate thickness for the continuum design domain. Another way 
to handle this is to use shape and sizing optimization techniques to further optimize the framework 
until the lateral drift reaches the actual limit specified in the codes of practice. 
6 Examples 
6.1 Full-width braced framework 
The full-width braced frameworks, in which the bracings across the whole width of the framework are 
efficient lateral load resisting systems for tall steel buildings [14]. The PBO technique was employed to 
develop optimal bracing systems for a 4-bay, 12-story rigid steel framework depicted in Figure 1(a). 
This framework was subjected to two wind load cases. In load case 1, the wind was from the left as 
shown in Figure 1(a) while in load case 2  the wind was from the right. The sizes of the BHP hot-rolled 
beams and columns are given in Table 1. In the finite element analysis, beam elements were used to 
simulate the frame members. Each beam was divided into 15 elements and each column was divided 
into 9 elements. The steel frame was fully braced by a continuum structure, which was discretized into 
60 × 108 four-node plane stress elements. The continuum structure was specified a thickness of 40 
mm. The Youngs modulus E = 200 GPa and Poissons ratio n  = 0.3 were specified in the finite 
element analysis. The element removal ratio of 2 per cent was specified in the optimization phase. 
The performance index history  of the bracing system in the optimization process is presented in Figure 
2. The figure shows that the performance index of the bracing system increased from 1.0 to 1.24 and 
then decreased to 1.05 at iteration 17. After iteration 17, the performance index increased again when 
elements were removed from the continuum design domain. The maximum performance index was 
obtained as 1.26 at iteration 36. After iteration 36, the element removal led to a significant increase in 
the mean compliance (lateral deflections) of the braced framework as indicated by the performance 
index. The optimal bracing system results in a reduction in the material volume by 76 per cent in 
comparison with the initial continuum design domain.  
The optimal topology of the bracing system for the 4-bay 12-story steel frame is shown in Figure 1(b). 
It appears from the figure that the bracing system is a large-scale discrete-like structure, which is 
symmetrical about the central columns in the framework. The bracing system is optimal in the sense 
that it can effectively resist the two wind loads. The optimal bracing system also indicates the relative 
dimensions of bracing members, which are proportional to the forces they sustain.  
  
                 
(a) Steel framework                                                        (b) Bracing system 
Figure 1. Full-width braced steel framework 
 
Table 1 Member sizes of the steel framework 
Member Section Member Section Member Section Member Section 
1 150UB18.0 6 360UB50.7 11 150UC23.7 16 250UC72.9 
2 180UB18.1 7 360UB56.7 12 150UC37.2 17 250UC89.5 
3 200UB29.8 8 410UB53.7 13 200UC46.2 18 310UC96.8 
4 250UB27.3 9 460UB67.1 14 200UC59.5 19 310UC118 
5 310UB40.4 10 460UB74.6 15 200UC52.2 20 310UC137 
 
 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
0 10 20 30 40 50
Iteration
PI
 
Figure 2. Performance index history 
  
6.2 Two-bays braced framework 
In practical design of tall buildings, it is someties required to free certain bays or stories from any 
obstacle that may prevent outside views [14]. This example is to investigate the effect of regions 
without bracing on the layout and performance of optimal bracing systems. The steel framework 
presented in example 1 now allows only two bays to be braced, as depicted in Figure 3(a). The 
thickness of the continuum design domain modeled with plane stress elements was 40 mm. The 
element removal ratio of 2 per cent was specified in the PBO process. The performance of the bracing 
system was maximized when 66 per cent elements was removed from the continuum design doamin 
with an increase in its mean compliance by 92 per cent compared with the initial continuum structure. 
The optimal topology generated by the PBO technique is presented in Figure 3(b). It can be seen from 
the figure that some of the lower story columns need to be resized to have sufficient lateral stiffness to 
resist lateral loads. To compare the effciciency of  optimal bracing systems, the performance index of 
the bracing system shown in Figure 3(b) was calculated with respect to the  braced  framework 
presented in Figure 1(a). The relative performance index history is shown in Figure 4. It can be  
 
                            
                      (a) Braced steel framework                                 (b) Optimal bracing system 
Figure 3. Two-bays braced steel framework 
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Figure 4. Performance index history 
  
observed that the performance of two-bays braced steel framework is much less than that of the full-
width braced framwork depicted in Figure 1(b). 
7 Conclusions 
The effects of continuum design domains on the layouts and performance of optimal bracing systems 
for multistory steel building frameworks under lateral loads has been investigated using the 
performance-based optimization technique in this paper. The PBO technique incorporates the finite 
element analysis, performance-based optimality criteria and performance-based design concepts into 
a single scheme to automatically generate optimal bracing systems for steel building frameworks. The 
performance index is used in the PBO technique to evaluate the performance of bracing systems 
generated in an optimization and process. Performance-based optimality criteria are used to identify 
the optimal bracing system from the optimization history. The method presented allows for an 
unbraced steel framework to be initially sized based on strength performance criteria. The optimal 
bracing system for a multistory steel building framework is obtained by gradually removing inefficient 
elements from the continuum design domain used to stiffen the framework. Examples presented 
demonstrate that optimal bracing systems for multistory steel building frameworks depend on the initial 
continuum design domains used to stiffen the frameworks. The full-width bracing systems are more 
efficient than the two-bays bracing systems. It is shown that the computer automated PBO technique 
can produce innovative bracing systems for multistory steel building frameworks under multiple lateral 
loads.  
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